For a systematic investigation of the heat-and charge-transport properties of YNi 2 B 2 C and HoNi 2 B 2 C, single-crystal measurements of the electrical resistivity, the thermal conductivity, and the thermoelectric power were performed on the same samples. For HoNi 2 B 2 C, a local maximum of the Lorenz number at 20 K is evidently connected with the occurrence of magnetic fluctuations well above the ordering temperature. For the in-plane thermal conductivity, a kink near the superconducting transition was observed, consistent with an anisotropic gap or a multiband description. For both investigated borocarbides, the electrical resistance is isotropic. In contrast, the thermal conductivity shows a pronounced anisotropy. The thermoelectric power exhibits a minor anisotropy and can be well described by electron-diffusion and phonon-drag contributions over a wide temperature range. Based on an analysis of full-potential local-orbital calculations, a strong influence of the boron z position on the thermoelectric power has been revealed.
Introduction
Rare-earth nickel borocarbides have attracted much interest for more than 10 years because of the rich variety of superconducting and magnetic phenomena depending on the rare-earth ions (for reviews, see [1] [2] [3] ). A large number of studies have been published with a considerable part devoted to the heat-and charge-transport properties of the borocarbides. Such measurements provide insight into the scattering mechanisms of different excitations. Some recent work on thermoelectric power (TEP) and thermal conductivity properties is reviewed in [4, 5] .
Despite the substantial work in this field, a number of questions are still open. In HoNi 2 B 2 C, antiferromagnetic 5 Present address: Ames Laboratory, Iowa State University, Ames, IA 50011, USA. 6 Present address: Center for Atomic-scale Materials Design, Department of Physics, Technical University of Denmark, 2800 Kongens Lyngby, Denmark. fluctuations well above the magnetic ordering temperature strongly influence the specific heat [6] and the thermal expansion [7] but for the thermal conductivity a fluctuation contribution has never been reported. In the temperature range between the superconducting transition, T c , and the Néel temperature, T N , a gapless superconducting state was proposed based on a point-contact study [8] and zero-field thermal conductivity data [9] . Multiband superconductivity, on the other hand, has been shown to be relevant for the non-magnetic borocarbides YNi 2 B 2 C and LuNi 2 B 2 C, and provides an explanation for a number of properties such as the temperature dependence of the upper critical field [10] , results of point-contact spectroscopic measurements [11] , and specific heat data in the superconducting state [12] . An indication of a rather large superconducting gap has been suggested from de Haas-van Alphen studies [13] ; an anisotropic gap structure has been proposed from photoemission spectroscopy [14] .
To the best of our knowledge, no c-axis TEP study for the tetragonal rare-earth nickel borocarbides has been published yet. The available results for polycrystalline samples [15, 16] and for in-plane TEP [4, 17, 18] indicate a strongly anisotropic behaviour, but in some of these studies the sample quality hampers a final conclusion. Furthermore, there is a controversy as to whether a normal phonon-drag contribution exists [15] or whether saturation effects have to be considered [4, 17, 18] . Knowledge of the phonon-drag contribution is of special interest since this would allow us to extract the diffusion part of the TEP. The latter can be compared to band-structure calculations, thus enabling us to estimate the strength of the electron-phonon coupling in the borocarbides.
The availability of large single crystals opened up the possibility of a systematic study of the electrical resistivity, ρ, thermal conductivity, κ, and TEP, S, on the same sample. Here, both in-plane and c-axis measurements were performed in order to gain a comprehensive picture of the anisotropic heat and charge transport. For the non-magnetic compound YNi 2 B 2 C, only contributions from electrons and phonons have to be considered. For HoNi 2 B 2 C, the influence of magnetic excitations also has to be taken into account. In this paper, after presenting electrical resistance data, results of thermal conductivity data and of TEP measurements are discussed.
Technical details
The investigated RNi 2 11 B 2 C single crystals, where R = Y or Ho, were grown by a vertical floating-zone-melting technique as described elsewhere [19] . Different pieces of approximately 6 mm in length, oriented parallel to one of the main crystallographic directions, and of a cross-section of 2×2 mm 2 were cut from the same crystal. In the case of HoNi 2 B 2 C, the samples were used for a thermal-expansion study as well [7] . The sample orientation was determined using x-ray Laue back scattering.
The electrical resistance and the thermal conductivity were measured by the usual four-point method and by the standard steady-state method, respectively. The thermal conductivity was measured simultaneously with the TEP using copper wires as voltage contacts and AuFe-Chromel thermocouples for measuring the temperature differences. The temperature gradient along the sample of about 1% of the average temperature was generated by a small strain-gauge heater.
We applied the full-potential local-orbital (FPLO) code (version 5.00-18) [20] in its scalar relativistic version within the local density approximation (LDA) to calculate the density of states (DOS) of YNi 2 B 2 C. For exchange and correlation potentials the Perdew-Wang form [21] was used. The basis set was chosen to be Y(4s, 4p, 4d, 5s, 5p), Ni(3s, 3p, 3d, 4s, 4p), B(2s, 2p, 3d), and C(2s, 2p, 3d). Lattice parameters a = b and c were taken from [22] , the B position was varied within the range of the experimental data provided by [22] [23] [24] [25] [26] . To ensure significance of the theoretical results, careful convergence tests with regard to the k sampling were performed, resulting in us finally using 6348 k points in the irreducible part of the Brillouin zone. 
Results and discussion

Electrical resistivity
The electrical resistivity, ρ, of YNi 2 B 2 C (figure 1) shows a metallic behaviour with a linear increase for temperatures above 150 K. The resistivity ratio between ρ at 300 K and just above T c = 15.5 K is about 40, a rather high value among those reported so far. The good quality and homogeneity of the sample is further underlined by the sharp resistive transition to the superconducting state occurring within 100 mK (inset of figure 1 ). The measured ρ for both crystallographic directions agrees within experimental uncertainty, which is mainly governed by the geometry factor (about 10%). For a better comparison, all resistivity data shown here are scaled by a few per cent in such a way that the room-temperature values correspond to each other.
The resistivity data between T c and about 70 K can be well described by the expression
There is a small but distinctive difference between the residual resistivities for the two current directions as can be seen in the inset of figure 2; ρ 0 = 0.85 μ cm for current along c and ρ 0 = 0.70 μ cm for current along the a direction. After subtraction of ρ 0 , the power-law dependence can be seen in figure 2. The fit (1) yields A = 3 × 10 −4 μ cm K −n and n = 2.2 for both current directions. Such a temperature dependence has previously been reported in [17, 27] . In the latter study, a strongly sample-dependent value of A was found. This feature has also been observed for other superconductors, such as organic compounds [28] and MgB 2 [29] . In the latter case this might be explained by multiband effects [30] . In a previous report the resistivity data could be described by the usual Bloch-Grüneisen law [31] and in another report a modified expression has been used [32] . Our data are, however, best described by the above power law with n = 2.2. The origin of this characteristic temperature dependence has not been understood yet. Several possible mechanisms, including electron-electron interaction, strong electron-phonon coupling in disordered samples, electron-electron correlation effects, or valence fluctuations have been suggested [17, 33] .
The resistivity of HoNi 2 B 2 C shows no anisotropies for the measurements with currents parallel to the three main crystallographic directions (figure 3). This is in contrast to previous results [34, 35] reflecting a small but significant anisotropy in the low-temperature resistivity of HoNi 2 B 2 C. Our result supports the suggestion of a fundamentally isotropic resistivity [35] and suggests possible crystal imperfections as the origin for the observed anisotropies. The physical properties of the borocarbides depend sensitively on small deviations from exact stoichiometry, especially in the case of HoNi 2 B 2 C [36] .
The sharp superconducting transition at 7.8 K with a very narrow width of less than 100 mK underlines the good homogeneity of our sample. The moderate T c and the appearance of a zero-field reentrant signal near T N = 5.2 K are common in as-grown crystals. The low-temperature resistivity and especially the reentrant signal strongly depend on the annealing procedure [37] [38] [39] . The resistivity ratio ρ(300 K)/ρ(10 K) = 15 is significantly smaller than that of YNi 2 B 2 C. This is most probably caused by additional In the range 20 K < T < 55 K the data can be well described by (1) with ρ 0 = 2.8 μ cm, A = 6 × 10 −4 μ cm K −n , and n = 2.2. The exponent is in good agreement with previous reports for n ranging between 2.0 and 2.6 [18, [40] [41] [42] . The residual resistivity ρ 0 is one of the lowest zero-field values for HoNi 2 B 2 C reported so far. Thus, the remaining disorder in as-grown samples strongly affects the superconducting properties but has a minor influence on the normal-state transport.
Thermal conductivity
The thermal conductivity, κ, of YNi 2 B 2 C, shown in figure 4, agrees well with previous reports [5, [43] [44] [45] . Its in-plane values are approximately twice as large as the c-axis κ in the whole measured temperature range, in agreement with the data reported in [43] , despite a larger anisotropy at the lowest measured temperatures.
Considering the fundamentally isotropic resistivity, this result points to a remarkably anisotropic phonon spectrum. At T c , a clear slope change is apparent in κ. The enhanced reduction of κ below T c reflects the role of the electrons as heat carriers and scattering centres in YNi 2 B 2 C. Towards lower temperatures a moderately enhanced phonon-induced contribution appears near 3 K. The absence of a general correlation between this enhancement and the sample quality was reported for niobium samples [46] . A more detailed discussion of the thermal conductivity of nonmagnetic borocarbides, including the behaviour at very low temperatures, is given in [5] .
In the inset of figure 4 , the Lorenz number,
divided by the Sommerfeld value L 0 = 2.44 × 10
is shown. The resulting L/L 0 < 1 points to different scattering mechanisms in ρ and κ with dominating electronic heat conduction. The minima in L/L 0 are more pronounced than those reported in [43] and quite similar to that observed for LuNi 2 B 2 C [47] . In the latter study, a correlation between the depth of the minima and a low residual resistivity was pointed out, in line with our observations. The thermal conductivity of HoNi 2 B 2 C (figure 5) agrees in the main features with κ previously reported [5, 9, 43, 48] . There are, however, some characteristic differences for the in-plane heat transport. At T c , our measured κ is larger than previously observed. In our data we are able to resolve a kink of κ(T ) close to T c . The previously proposed [9] gapless superconductivity based on a magnetic-fluctuation mechanism [49] in the range between T N and T c was assumed not to show such a kink. Its experimental resolution is most probably related to the high quality of our crystal. Interestingly, a similar kink near T c seems also to be present in the data measured by Belevtsev et al [5] . Possible explanations for the missing kink structure in the c-axis measurement presented here are the reduced κ as well as the existence of an anisotropic gap, as mentioned above.
At T N , well below T c , the strongly enhanced thermal conductivity points to an unusually high fraction of free electrons, consistent with a decoupled multiband model with different T c -values [39, 50] . As evidenced by neutronscattering data, an incommensurate magnetic structure evolves slightly above T N at about 6 K [51] . In our thermal conductivity data no definitive feature related to this phase transition can be resolved.
The inset of figure 5 shows the temperature dependence of L for HoNi 2 B 2 C. Considering the isotropic behaviour of ρ, the differences in L(T ) for both crystallographic directions originate from different phonon contributions to κ. The phonon heat conduction is especially large for the in-plane heat transport as indicated by L/L 0 > 1. The stronger in-plane phonon contribution to κ in HoNi 2 B 2 C compared with that in YNi 2 B 2 C is in line with the results of [5] . A possible influence of crystalline-electric-field effects on the phonon system in HoNi 2 B 2 C should be further investigated in magnetic fields.
L(T ) reveals a local minimum at 60 K, as also observed for YNi 2 B 2 C (see inset of figure 4), and in addition a 
Thermoelectric power
The TEP, S, of YNi 2 B 2 C (figure 6) is negative in the normal state, indicating an electronic character of the charge carriers [52] . This is in line with Hall-effect studies [1] . At T c , S sharply drops to zero (inset of figure 6) .
The difference between the in-plane and the c-axis TEP is much smaller than expected from previous results obtained for polycrystalline samples [15, 16] and in-plane measurements [4, 17] . Whereas in our study the in-plane TEP at room temperature is smaller than reported in [17] , our powder-averaged value of nearly −5 μV K −1 is larger than the result obtained in [15] and comparable to that reported in [16] . These diverging data point to a strong sample dependence of S. Indeed, for YbNi 2 B 2 C, S was reduced by about 25% at room temperature by an annealing procedure [53] . The minimum in S at about 60-70 K (figure 6) depends on crystal properties but has also been observed, although less pronounced, for a polycrystalline sample [15] .
In order to clarify whether the high-temperature TEP might be explained by a phonon-drag contribution we analysed our data using the expression
where A and B are fitting parameters for the phonon-drag (S g ) and the electron-diffusion (S d ) term, respectively. An excellent description of the in-plane data is possible using (3) in the range 90 K < T < 300 K with A = −340 μV and B = −15 nV K −2 (figure 7). For S measured along the caxis only the data above 240 K follow the above expression. Here, A = 80 μV and B = −11 nV K −2 are obtained. These fitting parameters are in general agreement with the mentioned study of a polycrystalline sample [15] . The in-plane S data above 170 K reported in [17] can be well reproduced by (3) with A = −550 μV and B = −22 nV K −2 . Notably, no indication for a saturation of the phonon-drag TEP [17] was found in the present study.
The electron-diffusion TEP in the single-band picture is described by the Mott formula renormalized by the electronphonon coupling constant λ ep [54] ,
where the logarithmic energy derivative of the electrical conductivity σ has to be evaluated at the Fermi level E F . S d extracted from band-structure calculations [55] using the single-band description for the total electronic density of states (as well as a single scattering rate) seems to yield unrealistically large TEP values compared to the experimental data [15] . A possible reason for this discrepancy is the multiband nature of the superconductivity. Thus, the contributions from different bands to the electrical conductivity have to be evaluated separately before adding up. The scattering rates are assumed to be independent of the energy and interband scattering has been ignored for the sake of simplicity. (Note that for the non-superconducting LaNi 2 B 2 C a possible Fermi-energy shift away from the maximum in the electronic density of states has been discussed [15] .)
The strongly sample-dependent TEP discussed above gave reasons for further analysis taking into account possible small microscopic differences between those crystals. Varying the lattice parameters in the range of reported experimental values [22] [23] [24] [25] [26] total and the partial DOS on this parameter 7 . The upper panel of figure 8 displays the total DOS N(ε) in close vicinity of the Fermi level for z B in the mentioned range of experimental values. The lower panel illustrates the influence of the boron z position on the total DOS and its energy derivative at the Fermi level. The resulting strong dependence of the TEP on small variations of this crystallographic parameter and the multiband nature of the Fermi surface do not only explain the apparent contradiction between the experimental results and the previous theoretical calculations but also the remarkable scattering of S values for different samples, as discussed above. It should be noted that, for some of the z B values, different bands exhibit even a different sign of the contributions to the energy derivative. Thus, the TEP can provide sensitive information which might give constraints for the boron position in stoichiometric YNi 2 B 2 C. A further 7 It should be emphasized that the calculations are based on the experimental data. The sample dependence of the properties of HoNi 2 B 2 C connected with boron-carbon disorder [36] suggests that such a z B variation in the borocarbides might result from details of the crystal growth. A detailed description would have to treat such disorder effects in the frame of the coherent-potential approximation. possibility for studying the influence of the lattice constants on S is the investigation of the pressure-dependent TEP, as demonstrated at room temperature in [56] .
The TEP of HoNi 2 B 2 C (figure 9) resembles very much the data for the non-magnetic YNi 2 B 2 C discussed above. The only principal difference is the reentrant behaviour in a narrow range near T N (inset of figure 9 ), in line with the resistivity data shown in figure 3 above.
The in-plane TEP at 300 K is somewhat smaller than the value reported in [18] , but the powder-averaged value agrees well with a study on a polycrystalline sample [15] . The anisotropy in S is weaker than in the case of YNi 2 B 2 C. The TEP data of HoNi 2 B 2 C can be well described by (3) in a wide range up to 300 K (figure 10).
The fit yields A = −300 μV for both measured directions and B = −14 nV K −2 (B = −11 nV K −2 ) for the in-plane (caxis) heat transport. No saturation effects in the phonon-drag contribution are observed in contrast to a previous study [18] . Comparing the results for HoNi 2 B 2 C and YNi 2 B 2 C, the electron-diffusion terms are found to agree in both magnitude and anisotropy, whereas the phonon drag characterized by A differs for the c-axis TEP. The latter might point to differences in the phonon system between the two compounds.
Summary
For both investigated borocarbides, YNi 2 B 2 C and HoNi 2 B 2 C, the normal-state resistivities are isotropic within error bars and can be described by a power-law dependence over a wide temperature range. In HoNi 2 B 2 C, antiferromagnetic fluctuations well above the ordering temperature are visible in the data of the electrical resistivity, ρ, and the thermal conductivity, κ, leading to a local maximum in the Lorenz number. A kink in κ near T c points to a multiband character of the superconducting state or a highly anisotropic gap, but is at odds with previous results interpreted in terms of a gapless superconducting state above T N . For both borocarbides, κ exhibits a significant anisotropy between the basal plane and the c-axis by a factor of about 2. The TEP, S, on the other hand, shows only a moderate anisotropy. The temperature Figure 10 . The data shown in figure 9 plotted as ST versus T 2 . The lines represent fits to the data according to (3) for 70 K < T < 300 K and 150 K < T < 300 K, respectively. dependence of S can be well described by an electron-diffusion and a phonon-drag term at high temperatures. No saturation was observed for the latter contribution. The electron-diffusion contribution of both investigated materials is identical within error bars. The calculated magnitude of this contribution is found to depend sensitively on the boron z position. This underlines the importance of further studies on wellcharacterized crystals.
